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(54) OPTICAL SYSTEM, EXPOSURE SYSTEM, AND EXPOSURE METHOD 



(57) An optical system is able to achieve a substan- 
tially azimuthal polarization state in a lens aperture while 
suppressing loss of light quantity, based on asimple con- 
figuration. The optical system of the present invention is 
provided with a birefringent element (21 ) for achieving a 
substantially circumferential distribution or a substantial- 
ly radial distribution as a fast axis distribution in a lens 
aperture, and an optical rotator (22) located behind the 
birefringent element and adapted to rotate a polarization 
state in the lens aperture. The birefringent element has 
an optically transparent member which is made of a 
uniaxial crystal material and a crystallographic axis of 
which is arranged substantially in parallel with an optical 
axis of the optical system. A beam bundle of substantially 
spherical waves in a substantially circular polarization 
state is incident to the optically transparent member. 
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Description 

Technical Field 

[0001] The present invention relates to an optical sys- 
tem, exposure apparatus, and exposure method and, 
more particularly, to an exposure apparatus for fabricat- 
ing micro devices, such as semiconductor elements, im- 
age pickup devices, liquid-crystal display devices, and 
thin-film magnetic heads, by lithography 

Background Art 

[0002] In the typical exposure apparatus of this type, 
a beam bundle emitted from a light source is guided 
through a fly's eye lens as an optical integrator to form a 
secondary light source as a substantive surface illumi- 
nant consisting of a lot of light sources. A beam bundle 
from the secondary light source is guided through an ap- 
erture stop disposed in the vicinity of the rear focal plane 
of the fly's eye lens, to be limited, and then is incident to 
a condenser lens. 

[0003] The beam bundle condensed by the condenser 
lens illuminates a mask with a predetermined pattern 
therein, in a superposed manner. Light transmitted by 
the pattern of the mask travels through a projection op- 
tical system to be focused on a wafer. In this manner the 
mask pattern is projected (or transferred) onto the wafer 
to effect exposure thereof. The pattern formed in the 
mask is of high integration and a high-contrast pattern 
image must be formed on the wafer in order to accurately 
transfer the microscopic pattern onto the wafer. 
[0004] There is thus the proposed technology of ob- 
taining the high-contrast image of the microscopic pattern 
on the wafer, for example, by setting a polarization state 
of exposure light to linear polarization of circumferential 
vibration (hereinafter referred to as "azimuthal (circum- 
ferential) polarization state") in a lens aperture (pupil 
plane) of the projection optical system (cf. Patent Docu- 
ment 1). 

Patent Document 1: Japanese Patent Application Laid- 
Open No. 5-90128 

Disclosure of the Invention 

Problem to be Solved by the Invention 

[0005] However, the conventional technology dis- 
closed in the aforementioned patent document uses a 
polarizing member disposed on the pupil plane of the 
projection optical system, to transmit only linearly polar- 
ized components vibrating in the circumferential direc- 
tion, thereby setting the polarization state of exposure 
light in the lens aperture to the azimuthal polarization 
state. This resulted in causing a very large loss of light 
quantity in the polarizing member and thus brought the 
disadvantage of reduction in throughput of the exposure 
apparatus. 



[0006] An object of the present invention is to provide 
an optical system capable of achieving a substantially 
azimuthal polarization state in the lens aperture while 
suppressing the loss of light quantity, based on a simple 

5 configuration. Another object of the present invention is 
to provide an exposure apparatus and exposure method 
capable of forming a high-contrast image of a microscop- 
ic pattern of a mask on a photosensitive substrate to ef- 
fect high-throughput and faithful exposure, using an op- 

10 tical system capable of achieving asubstantially azimuth- 
al polarization state in the lens aperture while suppress- 
ing the loss of light quantity 

Means for Solving the Problem 

15 

[0007] In order to achieve the above object, a first as- 
pect of the present invention provides an optical system 
comprising a birefringent element for achieving a sub- 
stantially circumferential distribution or asubstantially ra- 
20 dial distribution as a fast axis distribution in a lens aper- 
ture; and an optical rotator disposed behind the birefrin- 
gent element and adapted to rotate a polarization state 
in the lens aperture. 

[0008] A second aspect of the present invention pro- 
25 vides an optical system comprising: 

a birefringent optical rotator which is made of an op- 
tical material with linear birefringence and optical ro- 
tatory power and an optic axis of which is arranged 
30 substantially in parallel with an optical axis of the 
optical system, 

wherein a beam bundle in a substantially circular polar- 
ization state is incident to the birefringent optical rotator. 

35 [0009] A third aspect of the present invention provides 
an exposure apparatus comprising the optical system of 
the first aspect or the second aspect, wherein a pattern 
of a mask is projected through the optical system onto a 
photosensitive substrate to effect exposure thereof 

40 [0010] A fourth aspect of the present invention pro- 
vides an exposure method of projecting a pattern formed 
in a mask, through the optical system of the first aspect 
or the second aspect onto a photosensitive substrate to 
effect exposure thereof. 

45 

Effects of the Invention 

[001 1 ] The present invention provides the optical sys- 
tem capable of achieving the substantially azimuthal po- 

50 larization state in the lens aperture while suppressing the 
loss of light quantity, based on the simple configuration, 
for example, through collaboration of the birefringent el- 
ement for achieving the substantially circumferential dis- 
tribution or the substantially radial distribution as the fast 

55 axis distribution in the lens aperture, and the optical ro- 
tator disposed behind the birefringent element and adapt- 
ed to rotate the polarization state in the lens aperture. 
[0012] Since the exposure apparatus and exposure 
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method of the present invention use the optical system 
capable of achieving the substantially azimuthal polari- 
zation state in the lens aperture while suppressing the 
loss of light quantity, they allow us to form a high-contrast 
image of a microscopic pattern of a mask on aphotosen- 5 
sitive substrate to effect high-throughput and faithful ex- 
posure and, eventually, to fabricate good devices at high 
throughput. 

Brief Description of the Drawings 10 
[0013] 

Fig. 1 is a drawing schematically showing a config- 
uration of an exposure apparatus according to an 15 
embodiment of the present invention. 
Fig. 2 is adrawing for explaining an action of aconical 
axicon system on an annular secondary light source. 
Fig. 3 is adrawing for explaining an action of a zoom 
lens on an annular secondary light source. 20 
Fig. 4 is a perspective view schematically showing 
an internal configuration of a polarization monitor in 
Fig. 1. 

Fig. 5 is a drawing schematically showing a major 
configuration of an exposure apparatus according to 25 
an embodiment of the present invention, to show a 
configuration from a mask blind to a wafer. 
Fig. 6 shows (a) a linear polarization state of circum- 
ferential vibration in a lens aperture, and (b) a linear 
polarization state of radial vibration in a lens aper- so 
ture. 

Fig. 7 is a drawing showing a state in which a bire- 
fringent element and an optical rotator are provided 
at predetermined positions in an optical path of an 
optical system telecentric on the object side. 35 
Fig. 8 shows (a) a circumferential fast axis distribu- 
tion in a lens aperture, and (b) a radial fast axis dis- 
tribution in a lens aperture. 
Fig. 9 is adrawing showing a polarization distribution 
in a lens aperture of circularly polarized light incident 40 
to a birefringent element. 

Fig. 10 is a drawing showing polarization distribu- 
tions in a lens aperture of a beam bundle having 
passed through a birefringent element. 
Fig. 1 1 is a drawing showing a polarization distribu- 45 
tion in a lens aperture obtained through abirefringent 
element and an optical rotator. 
Fig. 12 is adrawing schematically showing a major 
configuration of an exposure apparatus according to 
a first modification example of the embodiment of 50 
the present invention. 

Fig. 13 is adrawing schematically showing a major 
configuration of an exposure apparatus according to 
a second modification example of the embodiment 
of the present invention. 55 
Fig. 14 is adrawing schematically showing a major 
configuration of an exposure apparatus according to 
a third modification example of the embodiment of 



the present invention. 

Fig. 15 is a drawing schematically showing a major 
configuration of an exposure apparatus according to 
a fourth modification example of the embodiment of 
the present invention. 

Fig. 16 is a drawing schematically showing a major 
configuration of an exposure apparatus according to 
a fifth modification example of the embodiment of 
the present invention. 

Fig. 17 is a drawing schematically showing a major 
configuration of an exposure apparatus according to 
a sixth modification example of the embodiment of 
the present invention. 

Fig. 1 8 is a drawing for explaining change of polari- 
zation states in a birefringent optical rotator with the 
Poincare sphere. 

Fig. 19 is a drawing schematically showing a major 
configuration of an exposure apparatus according to 
a seventh modification example of the embodiment 
of the present invention. 

Fig. 20 is a drawing schematically showing a major 
configuration of an exposure apparatus according to 
an eighth modification example of the embodiment 
of the present invention. 

Fig. 21 is a drawing schematically showing a major 
configuration of an exposure apparatus according to 
a ninth modification example of the embodiment of 
the present invention. 

Fig. 22 is a drawing schematically showing a major 
configuration of an exposure apparatus according to 
a tenth modification example of the embodiment of 
the present invention. 

Fig. 23 is a drawing schematically showing a major 
configuration of an exposure apparatus according to 
an eleventh modification example of the embodi- 
ment of the present invention. 
Fig. 24 is a drawing schematically showing a major 
configuration of an exposure apparatus according to 
a twelfth modification example of the embodiment of 
the present invention. 

Fig. 25 is a drawing schematically showing a major 
configuration of an exposure apparatus according to 
a thirteenth modification example of the embodiment 
of the present invention. 

Fig. 26 is a drawing schematically showing a major 
configuration of an exposure apparatus according to 
a fourteenth modification example of the embodi- 
ment of the present invention. 
Fig. 27 is a drawing schematically showing a major 
configuration of an exposure apparatus according to 
a fifteenth modification example of the embodiment 
of the present invention. 

Fig. 28 is a flowchart of a technique of fabricating 
semiconductor devices as micro devices. 
Fig. 29 is a flowchart of a technique of fabricating a 
liquid-crystal display element as a micro device. 
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Best Mode for Carrying out the Invention 

[0014] Embodiments of the present invention will be 
described based on the accompanying drawings. Fig. 1 
is a drawing schematically showing a configuration of an 
exposure apparatus according to an embodiment of the 
present invention. In Fig. 1 , the Z-axis is set along a di- 
rection of a normal to a wafer W being a photosensitive 
substrate, the Y-axis along a direction parallel to the 
plane of Fig. 1 in the plane of the wafer W, and the X- 
axis along a direction normal to the plane of Fig. 1 in the 
plane of the wafer W. With reference to Fig. 1 , the expo- 
sure apparatus of the present embodiment is provided 
with a light source 1 for supplying exposure light (illumi- 
nation light). 

[0015] The light source 1 can be, for example, a KrF 
excimer laser light source for supplying light of wave- 
length of 248 nm or an ArF excimer laser light source for 
supplying light of wavelength of 193 nm. A nearly parallel 
beam bundle emitted along the Z-direction from the light 
source 1 has a rectangular cross section extending ob- 
longly along the X-direction, and is incident to a beam 
expander 2 consisting of a pair of lenses 2a and 2b. The 
lenses 2a and 2b have a negative refracting power and 
a positive refracting power, respectively, in the plane of 
Fig. 1 (YZ plane). Therefore, the beam bundle incident 
to the beam expander 2 is expanded in the plane of Fig. 
1 to be shaped into a beam bundle having across section 
of a predetermined rectangular shape. 
[001 6] The nearly parallel beam bundle having passed 
through the beam expander 2 as ashaping optical system 
is deflected into the Y-direction by a bending mirror 3, 
then travels through a qnarter-wave plate 4a, a half-wave 
plate 4b, a depolarizer (depolarizing element) 4c, and a 
diffractive optical element 5 for annular illumination, and 
then is incident to an afocal lens 6. The quarter-wave 
plate 4a, half-wave plate 4b, and depolarizer 4c herein 
constitute a polarization state converter 4, as described 
later. The afocal lens 6 is an afocal system (afocal optical 
system) the front focal point of which agrees approxi- 
mately with the position of the diffractive optical element 
5 and the rear focal point of which agrees approximately 
with a position of a predetermined plane 7 indicated by 
a dashed line in the drawing. 

[0017] In general, a diffractive optical element is con- 
structed by forming steps with a pitch approximately 
equal to the wavelength of exposure light (illumination 
light), in a substrate, and has an action to diffract an in- 
cident beam into desired angles. Specifically, the diffrac- 
tive optical element 5 for annular illumination has the fol- 
lowing function: when a parallel beam bundle having a 
rectangular cross section is incident thereto, it forms an 
optical intensity distribution of an annular shape in its far 
field (or Fraunhofer diffraction region). 
[0018] Therefore, the nearly parallel beam bundle in- 
cident to the diffractive optical element 5 as a beam bun- 
dle converter forms an optical intensity distribution of an 
annular shape on the pupil plane of the afocal lens 6 and 



then emerges as a nearly parallel beam bundle from the 
afocal lens 6. A conical axicon system 8 is located at or 
near the pupil plane in an optical path between front lens 
unit 6a and rear lens unit 6b of the afocal lens 6, and its 

5 detailed configuration and action will be described later. 
For simplifying the description, the basic configuration 
and action will be described below in disregard for the 
action of conical axicon system 8. 
[0019] The beam bundle having passed through the 

10 afocal lens 6 travels through a zoom lens 9 for variation 
of a-value and then is incident to a micro fly's eye lens 
(or fly's eye lens) 10 as an optical integrator. The micro 
fly's eye lens 10 is an optical element consisting of a lot 
of microlenses with a positive refracting power arranged 

15 vertically and horizontally and densely. In general, a mi- 
cro fly's eye lens is constructed, for example, by etching 
a plane-parallel plate so as to form a microlens group. 
[0020] It is noted herein that each microlens forming 
the micro fly's eye lens is smaller than each lens element 

20 forming a fly's eye lens. The micro fly's eye lens is one 
in which a lot of microlenses (micro refracting surfaces) 
are integrally formed without being isolated from each 
other, different from the fly's eye lens consisting of lens 
elements isolated from each other. However, the micro 

25 fly's eye lens is also an optical integrator of the same 
wavefront splitting type as the fly's eye lens in term of 
the vertical and horizontal arrangement of the lens ele- 
ments with the positive refracting power. 
[0021] The position of the predetermined plane 7 is 

30 defined near the front focal position of the zoom lens 9 
and the incidence surface of the micro fly's eye lens 1 0 
is defined near the rear focal position of the zoom lens 
9. In other words, the zoom lens 9 keeps the predeter- 
mined plane 7 and the incidence surface of the micro 

35 fly's eye lens 10 substantially in the relation of Fourier 
transform and, consequently, keeps the pupil plane of 
the afocal lens 6 optically nearly conjugate with the inci- 
dence surface of the micro fly's eye lens 10. 
[0022] Therefore, for example, an illumination field of 

40 an annular shape around the optical axis AX, similar to 
that on the pupil plane of the afocal lens 6, is formed on 
the incidence surface of the micro fly's eye lens 1 0. The 
entire shape of this annular illumination field similarly var- 
ies depending upon the focal length of the zoom lens 9. 

45 Each microlens forming the micro fly's eye lens 10 has 
a rectangular cross section similar to a shape of an illu- 
mination field to be formed on a mask M (i.e., eventually, 
a shape of an exposure region to be formed on a wafer 
W). 

50 [0023] The beam bundle incident to the micro fly's eye 
lens 1 0 is two-dimensionally split by a lot of microlenses 
to form a secondary light source having an optical inten- 
sity distribution approximately equal to the illumination 
field formed by the incident beam bundle, i.e., a second- 

55 ary light source of a substantive surface illuminant of an 
annular shape around the optical axis AX, on the rear 
focal plane (consequently, on the illumination pupil). A 
beam bundle from the secondary light source formed on 
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the rear focal plane of the micro fly's eye lens 1 0 travels 
through beam splitter 1 1 a and condenser optical system 

1 2 to illuminate a mask blind 1 3 in a superposed manner. 
[0024] In this manner, an illumination field of a rectan- 
gular shape according to the shape and the focal length 
of each microlens forming the micro fly's eye lens 10 is 
formed on the mask blind 13 as an illumination field stop. 
An internal configuration and action of a polarization 
monitor 11 incorporating the beam splitter 11a will be 
described later. A beam bundle having passed through 
an aperture (light transmitting part) of a rectangular 
shape of the mask blind 1 3 is subjected to focusing action 
of an imaging optical system 1 4 and thereafter illu minates 
the mask M with a predetermined pattern therein, in a 
superposed and approximately telecentric manner. 
[0025] Namely, the imaging optical system 14 forms 
an image of the rectangular aperture of the mask blind 

1 3 on the mask M. A beam bundle having passed through 
the pattern of the mask M then travels through a projec- 
tion optical system PL which is approximately telecentric 
both on the object side and on the image side, to form 
an image of the mask pattern on a wafer W being a pho- 
tosensitive substrate. While the wafer W is two-dimen- 
sionally driven and controlled in the plane (XY plane) 
perpendicular to the optical axis AX of the projection op- 
tical system PL, one-shot exposure or scan exposure is 
effected so that the pattern of the mask M sequentially 
exposed into each of exposure regions on the wafer W. 
[0026] I n the polarization state converter 4, the quarter- 
wave plate 4a is arranged so that the crystallographic 
axis thereof is rotatable around the optical axis AX, and 
converts incident light of elliptic polarization into light of 
linear polarization. The half-wave plate 4b is arranged 
so that the crystallographic axis thereof is rotatable 
around the optical axis AX, and changes the plane of 
polarization of incident linearly polarized light. The depo- 
larizer 4c is composed of a rock crystal prism of wedge 
shape (not shown) and a silica prism of wedge shape 
(not shown) having complementary shapes. The rock 
crystal prism and the silica prism are constructed as an 
integral prism assembly so as to be freely inserted into 
or retracted from the illumination optical path. 

[0027] Where the light source 1 is a KrF excimer laser 
light source or an ArF excimer laser light source, light 
emitted from these light sources typically has the degree 
of polarization of not less than 95% and nearly linearly 
polarized light is incident to the quarter-wave plate 4a. 
However, if a right-angle prism is interposed as a back 
reflector in the optical path between the light source 1 
and the polarization state converter 4, total reflection in 
the right-angle prism will convert linear polarization into 
elliptic polarization unless the plane of polarization of the 
incident linearly polarized light coincides with the p-po- 
larization plane or s-polarization plane. 
[0028] In the polarization state converter 4, for exam- 
ple, even if light of elliptic polarization is incident because 
of the total reflection in the right-angle prism, it will be 
converted into light of linear polarization by the action of 



the quarter-wave plate 4a and the linearly polarized light 
will be incident to the half-wave plate 4b. When the crys- 
tallographic axis of the half-wave plate 4b is set at an 
angle of 0°or 90° relative to the plane of polarization of 

5 incident linearly polarized light, the light of linear polari- 
zation incident to the half-wave plate 4b passes directly 
without change in the plane of polarization. 
[0029] When the crystallographic axis of the half-wave 
plate 4b is set at an angle of 45° relative to the plane of 

10 polarization of incident linearly polarized light, the light 
of linear polarization incident to the half-wave plate 4b is 
converted into light of linear polarization with the plane 
of polarization changed by 90°. Furthermore, when the 
crystallographic axis of the rock crystal prism of the de- 

15 polarizer 4c is set at an angle of 45° relative to the plane 
of polarization of incident linearly polarized light, the light 
of linear polarization incident to the rock crystal prism is 
converted (or depolarized) into light in an unpolarized 
state. 

20 [0030] The polarization state converter 4 is arranged 
so that the crystallographic axis of the rock crystal prism 
makes the angle of 45 0 relative to the plane of polarization 
of incident linearly polarized light when the depolarizer 
4c is positioned in the illumination optical path. Inciden- 
ts tally, if the crystallographic axis of the rock crystal prism 
is set at an angle of 0° or 90° relative to the plane of 
polarization of incident linearly polarized light, the light 
of linear polarization incident to the rock crystal prism will 
pass directly without change in the plane of polarization. 

30 When the crystallographic axis of the half-wave plate 4b 
is set at an angle of 22.5° relative to the plane of polari- 
zation of incident linearly polarized light, the light of linear 
polarization incident to the half-wave plate 4b is convert- 
ed into light in an unpolarized state including a linear 

35 polarization component passing without change in the 
plane of polarization, and a linear polarization component 
with the plane of polarization changed by 90°. 
[0031] In the polarization state converter 4, as de- 
scribed above, the light of linear polarization is incident 

40 to the half-wave plate 4b, and let us assume herein that 
light of linear polarization with the polarization direction 
(the direction of the electric field) along the Z-direction in 
Fig. 1 (which will be referred to hereinafter as "Z-direc- 
tional polarization") is incident to the half-wave plate 4b, 

45 for simplification of the description hereinafter. When the 
depolarizer 4c is positioned in the illumination optical path 
and when the crystallographic axis of the half-wave plate 
4b is set at the angle of 0°or 90° relative to the plane of 
polarization (direction of polarization) of incident Z-direc- 

50 tionally polarized light, the light of Z-directional polariza- 
tion incident to the half-wave plate 4b passes as Z-direc- 
tionally polarized light without change in the plane of po- 
larization and then is incident to the rock crystal prism of 
the depolarizer 4c. Since the crystallographic axis of the 

55 rock crystal prism is set at the angle of 45° relative to the 
plane of polarization of the incident Z-directionally polar- 
ized light, the light of Z-directional polarization incident 
to the rock crystal prism is converted into light in an un- 
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polarized state. 

[0032] The light depolarized through the rock crystal 
prism travels through the silica prism as a compensator 
for compensating the traveling direction of light, and is 
then incident in an unpolarized state, into the diffractive 
optical element 5. On the other hand, when the crystal- 
lographic axis of the half-wave plate 4b is set at the angle 
of 45° relative to the plane of polarization of the incident 
Z-directionally polarized light, the light of Z-directional 
polarization incident to the half-wave plate 4b is convert- 
ed into light with the plane of polarization changed by 
90°, i.e., light of linear polarization having the direction 
of polarization (direction of the electric field) along the X- 
direction in Fig. 1 (which will be referred to hereinafter 
as "X-directional polarization") to be incident to the rock 
crystal prism of the depolarizer 4c. Since the crystallo- 
graphic axis of the rock crystal prism is also set at the 
angle of 45° relative to the plane of polarization of the 
incident X-directionally polarized light, the light of the X- 
directional polarization incident to the rock crystal prism 
is converted into light in an unpolarized state to travel 
through the silica prism and then to be incident in an 
unpolarized state to the diffractive optical element 5. 
[0033] In contrast to it, when the depolarizer 4c is re- 
tracted from the illumination optical path and when the 
crystallographic axis of the half-wave plate 4b is set at 
the angle of 0°or 90° relative to the plane of polarization 
of the incident Z-directionally polarized light, the light of 
Z-directional polarization incident to the half-wave plate 
4b passes as Z-directionally polarized light without 
change in the plane of polarization, and is incident in a 
Z-directional polarization state to the diffractive optical 
element 5. On the other hand, when the crystallographic 
axis of the half-wave plate 4b is set at the angle of 45° 
relative to the plane of polarization of the incident Z-di- 
rectionally polarized light, the light of Z-directional polar- 
ization incident to the half-wave plate 4b is converted into 
light of X-directional polarization with the plane of polar- 
ization changed by 90 °, and is incident in an X-directional 
polarization state to the diffractive optical element 5. 
[0034] As described above, the polarization state con- 
verter 4 is able to make the light in an unpolarized state 
incident to the diffractive optical element 5 when the de- 
polarizer 4c is inserted and positioned in the illumination 
optical path. It is also able to make the light in a Z-direc- 
tional polarization state incident to the diffractive optical 
element 5 when the depolarizer 4c is retracted from the 
illumination optical path and when the crystallographic 
axis of the half-wave plate 4b is set at the angel of 0°or 
90 0 relative to the plane of polarization of the incident Z- 
directionally polarized light. Furthermore, it is also able 
to make the light in an X-directional polarization state 
incident to the diffractive optical element 5 when the de- 
polarizer 4c is retracted from the illumination optical path 
and when the crystallographic axis of the half-wave plate 
4b is set at the angel of 45° relative to the plane of po- 
larization of the incident Z-directionally polarized light. 
[0035] In other words, the polarization state converter 



4 is able to switch the polarization state of incident light 
to the diffractive optical element 5 (consequently, the po- 
larization state of light to illuminate the mask M and wafer 
W) between a linear polarization state and an unpolarized 

5 state and, in the case of the linear polarization state, it is 
able to switch the polarization of incident light between 
polarization states orthogonal to each other (i.e., be- 
tween Z-directional polarization and X-directional polar- 
ization), through the action of the polarization state con- 

10 verter consisting of the quarter-wave plate 4a, half-wave 
plate 4b, and depolarizer 4c. 

[0036] Furthermore, the polarization state converter 4 
is able to make light in acircular polarization state incident 
to the diffractive optical elements (consequently, to after- 

15 described birefringent element 21) when the half-wave 
plate 4b and depolarizer 4c both are retracted from the 
illumination optical path and when the crystallographic 
axis of the quarter-wave plate 4a is set at a predetermined 
angle relative to incident elliptically polarized light. 

20 [0037] The conical axicon system 8 is composed of a 
first prism member 8a a plane of which faces the light 
source side and a refracting surface of a concave conical 
shape of which faces the mask side, and a second prism 
member 8b a plane of which faces the mask side and a 

25 refracting surface of a convex conical shape of which 
faces the light source side, in order from the light source 
side. Then the refracting surface of the concave conical 
shape of the first prism member 8a and the refracting 
surface of the convex conical shape of the second prism 

30 member 8b are formed in such complementary shapes 
as to be able to butt each other. At least one of the first 
prism member 8a and the second prism member 8b is 
arranged movable along the optical axis AX to vary the 
distance between the refracting surface of the concave 

35 conical shape of the first prism member 8a and the re- 
fracting surface of the convex conical shape of the sec- 
ond prism member 8b. 

[0038] In a state in which the refracting surface of the 
concave conical shape of the first prism member 8a butts 

40 against the refracting surface of the convex conical shape 
of the second prism member 8b, the conical axicon sys- 
tem 8 functions as a plane-parallel plate and has no effect 
on the secondary light source of annular shape formed. 
However, when the refracting surface of the concave 

45 conical shape of the first prism member 8a is located 
apart from the refracting surface of the convex conical 
shape of the second prism member 8b, the conical axicon 
system 8 functions as aso-called beam expander. There- 
fore, the angle of the incident beam bundle to the prede- 

50 termined plane 7 varies with change in the distance of 
the conical axicon system 8. 

[0039] Fig. 2 is a drawing for explaining the action of 
the conical axicon system on a secondary light source 
of annular shape. With reference to Fig. 2, a secondary 
55 light source 30a of the smallest annular shape formed in 
a state in which the distance of the conical axicon system 

8 is zero and in which the focal length of the zoom lens 

9 is setto a minimum (hereinafter referred to as "standard 
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state") is changed into a secondary light source 30b of 
an annular shape with the outside diameter and inside 
diameter both increased, without change in the width 
thereof (half of the difference between the outside diam- 
eter and inside diameter: indicated by arrows in the draw- 
ing) when the distance of the conical axicon system 8 is 
increased from zero to a predetermined value. In other 
words, the annular ratio (inside diameter/outside diame- 
ter) and size (outside diameter) of the secondary light 
source both vary without change in the width of the an- 
nular secondary light source, through the action of the 
conical axicon system 8. 

[0040] Fig. 3 is a drawing for explaining the action of 
the zoom lens on the secondary light source of annular 
shape. With reference to Fig. 3, the secondary light 
source 30a of the annular shape formed in the standard 
state is changed into a secondary light source 30c of an 
annular shape the entire shape of which is expanded into 
a similar shape, when the focal length of the zoom lens 
9 is increased from a minimum value to a predetermined 
value. In other words, the width and size (outside diam- 
eter) of the secondary light source both vary, without 
change in the annular ratio of the annular secondary light 
source, through the action of the zoom lens 9. 
[0041 ] Fig. 4 is a perspective view schematically show- 
ing an internal configuration of the polarization monitor 
in Fig. 1 . With reference to Fig. 4, the polarization monitor 
1 1 is provided with the first beam splitter 1 1 a located in 
the optical path between the micro fly's eye lens 10 and 
the condenser optical system 12. The first beam splitter 
1 1 a has, for example, a form of a non-coated plane-par- 
allel plate (i.e., raw glass) made of a silica glass, and has 
a function of extracting reflected light in a polarization 
state different from a polarization state of incident light, 
from the optical path. 

[0042] The light extracted from the optical path by the 
first beam splitter 1 1 a is incident to asecond beam splitter 
11b. The second beam splitter 11b, similar to the first 
beam splitter 11a, has a form of a non-coated plane- 
parallel plate made of a silica glass, for example, and 
has a function of generating reflected light in a polariza- 
tion state different from a polarization state of incident 
light. The first beam splitter 11a and the second beam 
splitter 1 1 b are so set that the p-polarization for the first 
beam splitter 11a is the s-polarization for the second 
beam splitter 1 1 b and that the s-polarization for the first 
beam splitter 11a is the p-polarization for the second 
beam splitter 11b. 

[0043] Light transmitted by the second beam splitter 
1 1b is detected by a first optical intensity detector 11c 
and light reflected by the second beam splitter 11b is 
detected by a second optical intensity detector 1 1 d. Out- 
puts from the first optical intensity detector 1 1 c and from 
the second optical intensity detector 1 1 d are supplied 
respectively to a controller (not shown). The controller 
actuates the quarter-wave plate 4a, half-wave plate 4b, 
and depolarizer 4c constituting the polarization state con- 
verter 4, according to need. 



[0044] In the first beam splitter 11a and the second 
beam splitter 11b, as described above, the reflectance 
for the p-polarization is substantially different from the 
reflectance for the s-polarization. In the polarization mon- 

5 itor 11, therefore, the reflected light from the first beam 
splitter 1 1 a includes, for example, an s-polarization com- 
ponent (which is an s-polarization component for the first 
beam splitter 1 1a but p-polarization component for the 
second beam splitter 11b) which is approximately 10% 

10 of incident light to the first beam splitter 11 a, and, for 
example, a p-polarizatian component (which is a p-po- 
larization component for the first beam splitter 1 1 a but s- 
polarization component for the second beam splitter 1 1 b) 
which is approximately 1% of incident light to the first 

15 beam splitter 11a. 

[0045] The reflected light from the second beam split- 
ter 11b includes, for example, a p-polarization compo- 
nent (which is a p-polarization component for the first 
beam splitter 1 1a but s-polarization component for the 

20 second beam splitter 11b) which is approximately 10% 
x 1% = 0.1% of incident light to the first beam splitter 
11a, and, for example, an s-polarization component 
(which is an s-polarization component for the first beam 
splitter 1 1 a but p-polarization component for the second 

25 beam splitter 11b) which is approximately 1% x 10% = 
0.1% of incident light to the first beam splitter 11a. 
[0046] In the polarization monitor 11, as described 
above, the first beam splitter 11a has the function of ex- 
tracting reflected light in a polarization state different from 

30 a polarization state of incident light, from the optical path 
in accordance with its reflection characteristic. In conse- 
quence, the polarization monitor 1 1 is able to detect the 
polarization state (degree of polarization) of incident light 
to the first beam splitter 11a and thus the polarization 

35 state of illumination light to the mask M, based on the 
output of the first optical intensity detector 1 1c (informa- 
tion about the intensity of transmitted light from the sec- 
ond beam splitter 1 1b, i.e., information aboutthe intensity 
of light in much the same polarization state as the reflect- 

40 ed light from the first beam splitter 1 1 a), though slightly 
affected by variation in polarization due to the polarization 
characteristic of the second beam splitter 1 1 b. 
[0047] In addition, the polarization monitor 11 is so set 
that the p-polarization for the first beam splitter 1 1 a is the 

45 s-polarization for the second beam splitter 1 1 b and that 
the s-polarization for the first beam splitter 1 1a is the p- 
polarization for the second beam splitter 1 1 b. As a result, 
the polarization monitor 1 1 is able to detect the quantity 
(intensity) of incident light to the first beam splitter 11a 

50 and thus the quantity of illumination light to the mask M, 
without substantially being affected by change in the po- 
larization state of incident light to the first beam splitter 
1 1 a, based on the output of the second optical intensity 
detector 1 1 d (information about the intensity of the light 

55 successively reflected by the first beam splitter 1 1a and 
the second beam splitter 1 1 b). 

[0048] The polarization monitor 1 1 is used in this man- 
ner to detect the polarization state of incident light to the 
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first beam splitter 1 1 a and thus to determine whether the 
illumination light to the maskM is in a desired unpolarized 
state, linear polarization state, or circular polarization 
state. When the controller confirms that the illumination 
light to the mask M (and thus to the wafer W) is not in 
the desired unpolarized state, linear polarization state, 
or circular polarization state, based on the result of the 
detection by the polarization monitor 1 1 , it actuates and 
adjusts the quarter-wave plate 4a, half-wave plate 4b, 
and depolarizer 4c constituting the polarization state con- 
verter 4 to adjust the state of the illumination light to the 
mask M to the desired unpolarized state, linear polariza- 
tion state, or circular polarization state. 
[0049] When a diffractive optical element for quadru- 
pole illumination (not shown) is set in the illumination op- 
tical path, instead of the diffractive optical element 5 for 
annular illumination, itcan effect qu ad ru pole illumination. 
The diffractive optical element for quadrupole illumina- 
tion has the following function: when a parallel beam bun- 
dle having a rectangular cross section is incident thereto, 
it forms an optical intensity distribution of quadrupole 
shape in its far field. Therefore, a beam bundle having 
passed through the diffractive optical element for quad- 
rupole illumination forms an illumination field of quadru- 
pole shape consisting of four circular illumination fields 
around the optical axis AX, for example, on the incidence 
surface of the micro fly's eye lens 1 0. As a result, a sec- 
ondary light source of the same quadrupole shape as the 
illumination field formed on the incidence surface is also 
formed on the rear focal plane of the micro fly's eye lens 
10. 

[0050] When a diffractive optical element for circular 
illumination (not shown) is set in the illumination optical 
path, instead of the diffractive optical element 5 for an- 
nular illumination, it can effect normal circular illumina- 
tion. The diffractive optical element for circular illumina- 
tion has the following function: when a parallel beam bun- 
dle having a rectangular cross section is incident thereto, 
it forms an optical intensity distribution of circular shape 
in the far field. Therefore, a beam bundle having passed 
through the diffractive optical element for circular illumi- 
nation forms an illumination field of quadrupole shape 
consisting of acircular illumination field around the optical 
axis AX, for example, on the incidence surface of the 
micro fly's eye lens 10. As a result, the secondary light 
source of the same circular shape as the illumination field 
formed on the incidence surface is also formed on the 
rear focal plane of the micro fly's eye lens 1 0. 
[0051] Furthermore, when another diffractive optical 
element for multi-pole illumination (not shown) is set in 
the illumination optical path, instead of the diffractive op- 
tical element 5 for annular illumination, it is feasible to 
implement one of various multi-pole illuminations (dipole 
illumination, octupole illumination, etc.). When the dif- 
fractive optical element 5 for annular illumination is re- 
placed by a diffractive optical element (not shown) for 
forming an optical intensity distribution of an annular 
shape having an annular ratio different from that of the 



diffractive optical element 5, in its far field as set in the 
illumination optical path, it can expand the varying range 
of the annular ratio. Similarly, when the diffractive optical 
element 5 for annular illumination is replaced by a dif- 
5 tractive optical element with an appropriate characteristic 
(not shown) as set in the illumination optical path, it be- 
comes feasible to implement one of illuminations of var- 
ious forms. 

[0052] Fig. 5 is adrawing schematically showing a ma- 

10 jor configuration of the exposure apparatus according to 
the present embodiment, and shows aconfiguration from 
the mask blind to the wafer. With reference to Fig. 5, the 
exposure apparatus of the present embodiment is so ar- 
ranged that a birefringent element 21 is located in the 

15 optical path between the mask blind 1 3 and the imaging 
optical system 1 4 and that an optical rotator 22 is located 
at a predetermined position in the optical path of the im- 
aging optical system 14. The present embodiment 
achieves a nearly azimuthal polarization state in a lens 

20 aperture of an optical system (acombined optical system 
of the illumination optical system (2-14) with the projec- 
tion optical system PL) through collaboration of the bire- 
fringent element 21 and the optical rotator 22. 
[0053] The general action of the birefringent element 

25 21 and optical rotator 22, i.e., the basic principle of the 
present invention will be described below. In the present 
invention, linear polarization of circumferential vibration 
in the lens aperture of the optical system is defined as 
azimuthal polarization as shown in Fig. 6 (a), and linear 

30 polarization of radial vibration in the lens aperture as ra- 
dial polarization as shown in Fig. 6 (b). In this case, co- 
herency of two rays on the image plane in the optical 
system having a large image-side numerical aperture is 
higher in azimuthal polarization than in radial polariza- 

35 tion. Therefore, when the polarization state of light in the 
lens aperture is set to a nearly azimuthal polarization 
state, a high-contrast object image can be obtained on 
the image plane. 

[0054] In the present invention, therefore, in order to 

40 realize the nearly azimuthal polarization state in the lens 
aperture, as shown in Fig. 7, the birefringent element 21 
and optical rotator 22 are provided at predetermined po- 
sitions in the optical path of the optical system which is 
telecentric on the object side, for example. The birefrin- 

45 gent element 21 is, for example, an optically transparent 
member of a plane-parallel plate shape made of a uniax- 
ial crystal like rock crystal, and the crystallographic axis 
thereof is arranged in parallel with the optical axis AX. In 
this case, when a beam bundle of spherical waves is 

50 made incident to the birefringent element 21 made of a 
positive uniaxial crystal, a circumferential distribution 
around the optical axis AX is obtained as a fast axis dis- 
tribution in the lens aperture of the optical system, as 
shown in Fig. 8 (a). 

55 [0055] On the other hand, if a beam bundle of spherical 
waves is made incident to the birefringent element 21 
made of a negative uniaxial crystal, a radial distribution 
around the optical axis AX is obtained as a fast axis dis- 
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tribution in the lens aperture of the optical system, as 
shown in Fig. 8 (b). Let us suppose herein that a beam 
bundle of spherical waves in a circular polarization state 
having a polarization distribution in the lens aperture as 
shown in Fig. 9 is made incident to the birefringent ele- 
ment 21 . Then the beam bundle having passed through 
the birefringent element 21 comes to have a polarization 
distribution in the lens aperture as shown in Fig. 10 (a) 
or (b). 

[0056] The polarization distribution shown in Fig. 10 
(a) is obtained when clockwise circularly polarized light 
as shown in Fig. 9 is made incident to the birefringent 
element 21 corresponding to the fast axis distribution of 
Fig. 8 (a), i.e., the birefringent element 21 made of a 
positive uniaxial crystal. On the other hand, the polariza- 
tion distribution shown in Fig. 10 (b) is obtained when 
clockwise circularly polarized light as shown in Fig. 9 is 
made incident to the birefringent element 21 correspond- 
ing to the fast axis distribution of Fig. 8 (b), i.e., the bire- 
fringent element 21 made of a negative uniaxial crystal. 
[0057] The optical rotator 22 is, for example, an opti- 
cally transparent member of a plane-parallel plate shape 
made of an optical material with optical rotatory power 
like rock crystal, and is located behind the birefringent 
element 21 (on the image side). The optical rotator 22 is 
arranged so that the crystal log rap hie axis thereof is par- 
allel to the optical axis AX, and has a function of rotating 
a polarization state in a lens aperture by a predetermined 
angle according to a thickness thereof, an angle of inci- 
dence of a beam bundle, or the like. In the present in- 
vention, the polarization state of the beam bundle having 
passed through the birefringent element 21 is rotated by 
45° (i.e., the polarization state in the lens aperture is ro- 
tated by 45°) by the action of the optical rotator 22, to 
obtain a polarization distribution in the lens aperture as 
shown in Fig. 11. 

[0058] However, where the birefringent element 21 is 
one made of a positive uniaxial crystal, the birefringent 
element 21 provides the polarization distribution shown 
in Fig. 10 (a) and it is thus necessary to use the optical 
rotator 22 made of an optical material with counterclock- 
wise optical rotatory power in order to obtain the polari- 
zation distribution in the lens aperture as shown in Fig. 
11. On the other hand, where the birefringent element 
21 is one made of a negative uniaxial crystal, the bire- 
fringent element 21 provides the polarization distribution 
shown in Fig. 10 (b) and it is thus necessary to use the 
optical rotator 22 made of an optical material with clock- 
wise optical rotatory power in order to obtain the polari- 
zation distribution in the lens aperture as shown in Fig. 1 1 . 
[0059] It is seen with reference to the polarization dis- 
tribution in the lens aperture shown in Fig. 1 1 that a ray 
passing the center (optical axis AX) of the lens aperture 
is in a circular polarization state, polarization states vary 
from an elliptic polarization state to a linear polarization 
state toward the periphery of the aperture, and the po- 
larization states are distributed with rotational symmetry 
with respect to the optical axis AX. In the polarization 



distribution in the lens aperture shown in Fig. 1 1, as de- 
scribed above, the azimuthal polarization state (linear 
polarization state of circumferential vibration around the 
optical axis AX) is not achieved throughout the whole 
5 area in the lens aperture, but the azimuthal polarization 
state is achieved at least in the peripheral region of the 
lens aperture. 

[0060] When consideration is given to the fact that deg- 
radation of coherency in formation of image is greater for 

10 rays in the peripheral region of the lens aperture than for 
rays in the central region of the lens aperture, the polar- 
ization distribution in which the azimuthal polarization 
state is achieved in the peripheral region of the lens ap- 
erture as shown in Fig. 1 1 is approximately equivalent to 

15 the polarization distribution in which the azimuthal polar- 
ization state is achieved throughout the whole area of 
the lens aperture as shown in Fig. 6 (a), in terms of im- 
provement in the contrast of the object image. In the 
present invention, as described above, the nearly azi- 

20 muthal polarization state in the lens aperture can be re- 
alized through collaboration of the birefringent element 
21 and optical rotator 22, whereby the high-contrast ob- 
ject image can be obtained eventually on the image 
plane. In the polarization distribution in the lens aperture 

25 shown in Fig. 11, the azimuthal polarization state is 
achieved in the outermost peripheral region of the lens 
aperture, but the region in the lens aperture where the 
azimuthal polarization state is achieved does not have 
to be limited to the outermost periphery. The region can 

30 be appropriately set according to need. When the polar- 
ization distribution where the azimuthal polarization state 
is achieved in the peripheral region of the lens aperture 
as shown in Fig. 1 1 is combined with the annular illumi- 
nation or multi-pole illumination such as dipole or quad- 

35 rupole illumination, the polarization distribution in the il- 
lumination beam bundle turns into a nearly azimuthal po- 
larization state and thus a higher-contrast object image 
can be obtained on the image plane. 
[0061] The birefringent element can be an optically 

40 transparent member made of an appropriate optical ma- 
terial except for rock crystal, e.g., an optical material with 
linear birefringence such as MgF 2 or LiCaAIF 6 (lithium 
calcium aluminum fluoride). In another potential exam- 
ple, the birefringent element is, for example, a pair of 

45 optically transparent members made of acrystal material 
of the cubic system like fluorite, and the pair of optically 
transparent members are positioned so that the fast axis 
distribution in the lens aperture becomes a nearly cir- 
cumferential distribution or a nearly radial distribution. 

50 [0062] Specifically, the birefringent element can be a 
pair of optically transparent members arranged in a state 
in which the crystal orientation <111> is parallel to the 
optical axis and in which the other crystal orientations 
are relatively rotated by about 60 °around the optical axis. 

55 in this case, when a beam bundle of spherical waves is 
made incident to the birefringent element consisting of 
the pair of optically transparent members, a circumfer- 
ential distribution about the optical axis AX is obtained 
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as the fast axis distribution in the lens aperture of the 
optical system as shown in Fig. 8 (a), just as in the case 
of the birefringent element made of a positive uniaxial 
crystal. Accordingly, when a beam bundle of spherical 
waves is made incident in a clockwise circular polariza- 5 
tion state as shown in Fig. 9, the polarization distribution 
in the lens aperture as shown in Fig. 10 (a) is obtained. 
[0063] The birefringent element can also be a pair of 
optically transparent members arranged in a state in 
which the crystal orientation <1 00> is approximately par- 10 
allel to the optical axis and in which the other crystal ori- 
entations are relatively rotated by about 45° around the 
optical axis. In this case, when abeam bundle of spherical 
waves is made incident to the birefringent element con- 
sisting of the pair of optically transparent members, a 15 
radial distribution around the optical axis AX is obtained 
as the fast axis distribution in the lens aperture of the 
optical system as shown in Fig. 8 (b), just as in the case 
of the birefringent element made of a negative uniaxial 
crystal. Therefore, when a beam bundle of spherical 20 
waves is made incident in a clockwise circular polariza- 
tion state as shown in Fig. 9, the polarization distribution 
in the lens aperture as shown in Fig. 10 (b) is obtained. 
[0064] The birefringent element made of the uniaxial 
crystal, and the birefringent element consisting of the pair 25 
of optically transparent members made of the crystal ma- 
terial of the cubic system are elements in which the 
amount of birefringence varies according to angles of 
incidence. Therefore, when a beam bundle of spherical 
waves is made incident, the birefringent element func- so 
tions as one having the fast axis distribution as shown in 
Fig. 8 (a) or (b), to obtain the polarization distribution in 
the lens aperture as shown in Fig. 1 0 (a) or (b). For mak- 
ing the polarization distribution in the lens aperture ap- 
proximately uniform in the plane, as shown in Fig. 7, it is 35 
preferable to place the birefringent element of a uniaxial 
crystal (or the birefringent element consisting of the pair 
of optically transparent members) 21 in an approximately 
telecentric optical path. 

[0065] On the other hand, the optical rotator 22 pref- 40 
erably uniformly rotates the polarization state in the lens 
aperture. Therefore, the optical rotator 22 is preferably 
located at a position where there is little variation in the 
angle of incidence of the beam bundle, as shown in Fig. 
7. Specifically, the optical rotator 22 is preferably located 45 
at a position where the beam bundle is incident with var- 
iation of not more than 1 0 0 in the angle of incidence, and 
the optical rotator 22 is more preferably located at a po- 
sition where the beam bundle is incident with variation 
of not more than 7° in the angle of incidence. Besides 50 
rock crystal, the optical rotator 22 can be made of an 
appropriate optical material with optical rotatory power. 
[0066] Referring again to Fig. 5, the exposure appara- 
tus of the present embodiment is arranged so that the 
birefringent element of an optically transparent member 55 
made of a uniaxial crystal, for example, like rock crystal 
(orthe birefringent element consisting of apairof optically 
transparent members made of a crystal material of the 



cubic system, for example, like fluorite) 21 is located in 
the optical path between the mask blind 13 and the im- 
aging optical system 14, i.e., in the nearly telecentric op- 
tical path near the mask blind 13 located at the position 
optically conjugate with the mask M being a surface to 
be illuminated. In addition, the optical rotator 22, for ex- 
ample, made of rock crystal is located at the position 
where the beam bundle is incident, for example, with var- 
iation of not more than 10° in the angle of incidence, in 
the optical path of the imaging optical system 14. 
[0067] In this state, when the half-wave plate 4b and 
depolarizer 4c both are retracted from the illumination 
optical path and when the crystallographic axis of the 
quarter-wave plate 4a is set at a predetermined angle 
relative to incident elliptical ly polarized light, abeam bun- 
dle of nearly spherical waves is incident in a circular po- 
larization state to the birefringent element 21 . As a result, 
the present embodiment is able to achieve the nearly 
azimuthal polarization state in the lens aperture while 
suppressing the loss of light quantity, based on the simple 
configuration, through collaboration of the birefringent el- 
ement 21 for achieving the nearly circumferential distri- 
bution or the nearly radial distribution as the fast axis 
distribution in the lens aperture, and the optical rotator 
22 disposed behind it and adapted to rotate the polari- 
zation state in the lens aperture. Therefore, the present 
embodiment is able to form the high-contrast image of 
the microscopic pattern of the mask M on the wafer W 
to effect high-throughput and faithful exposure. 
[0068] Fig. 12 is a drawing schematically showing a 
major configuration of an exposure apparatus according 
to a first modification example of the present embodi- 
ment. In the first modification example, the configuration 
from the mask blind 13 to the wafer W is similar to that 
in the embodiment shown in Fig. 5. However, the first 
modification example is different from the embodiment 
shown in Fig. 5, in that the birefringent element 21 is 
located in the optical path between the imaging optical 
system 1 4 and the mask M and in that the optical rotator 
22 is located at a predetermined position in the optical 
path of the projection optical system PL. 
[0069] Namely, in the first modification example the 
birefringent element 21 is located in the nearly telecentric 
optical path near the mask M, in the optical path of the 
illumination optical system (2-14). Furthermore, the op- 
tical rotator 22 is located at a position relatively close to 
the mask M in the optical path of the projection optical 
system PL, e.g., at a position where the beam bundle is 
incident with variation of not more than 1 0° in the angle 
of incidence. As a result, the first modification example 
is also able to achieve the nearly azimuthal polarization 
state in the lens aperture while suppressing the loss of 
light quantity, based on the simple configuration, through 
collaboration of the birefringent element 21 and the op- 
tical rotator 22 as the embodiment of Fig. 5 was. 
[0070] Fig. 13 is a drawing schematically showing a 
major configuration of an exposure apparatus according 
to a second modification example of the present embod- 
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iment. In the second modification example, just as in the 
first modification example, the configuration from the 
mask blind 13 to the wafer W is similar to that in the 
embodiment shown in Fig. 5. However, the second mod- 
ification example is different from the embodiment shown 5 
in Fig. 5, in that the birefringent element 21 is located in 
the optical path between the mask M and the projection 
optical system PL and in that the optical rotator 22 is 
located at a predetermined position in the optical path of 
the projection optical system PL. 10 
[0071] Namely, in the second modification example 
the birefringent element 21 is located in the nearly tele- 
centric optical path near the mask M, in the optical path 
of the projection optical system PL. Furthermore, the op- 
tical rotator 22 is located at a position relatively close to 15 
the mask M in the optical path of the projection optical 
system PL, e.g., at a position where the beam bundle is 
incident with variation of not more than 10° in the angle 
of incidence. As a result, the second modification exam- 
ple is also able to achieve the nearly azimuthal polariza- 20 
tion state in the lens aperture while suppressing the loss 
of light quantity, based on the simple configuration, 
through collaboration of the birefringent element 21 and 
the optical rotator 22 as the embodiment of Fig. 5 was. 
[0072] Fig. 14 is a drawing schematically showing a 25 
major configuration of an exposure apparatus according 
to a third modification example of the present embodi- 
ment. In the third modification example, just as in the first 
modification example and the second modification ex- 
ample, the configuration from the mask blind 13 to the so 
wafer W is similar to that in the embodiment shown in 
Fig. 5. However, the third modification example is differ- 
ent from the embodiment shown in Fig. 5, in that the 
birefringent element 21 is located in the optical path be- 
tween the mask M and the projection optical system PL 35 
and in that the optical rotator 22 is located at a predeter- 
mined position in the optical path of the projection optical 
system PL. 

[0073] Namely, in the third modification example, as 
in the second modification example, the birefringent el- 40 
ement 21 is located in the nearly telecentric optical path 
near the mask M (i.e., in the optical path nearly telecentric 
on the mask M side), in the optical path of the projection 
optical system PL. However, different from the second 
modification example, the optical rotator 22 is located at 45 
a position relatively close to the wafer W in the optical 
path of the projection optical system PL, e.g. , at a position 
where the beam bundle is incident with variation of not 
more than 10° in the angle of incidence. As a result, the 
third modification example is also able to achieve the 50 
nearly azimuthal polarization state in the lens aperture 
while suppressing the loss of light quantity, based on the 
simple configuration, through collaboration of the bire- 
fringent element 21 and the optical rotator 22 as the em- 
bodiment shown in Fig. 5 was. 55 
[0074] Fig. 15 is a drawing schematically showing a 
major configuration of an exposure apparatus according 
to a fourth modification example of the present embodi- 



ment. In the fourth modification example the configura- 
tion from the mask blind 13 to the mask M is similar to 
that in the embodiment shown in Fig. 5. However, the 
fourth modification example is different from the embod- 
iment of Fig. 5 in that, while the projection optical system 
PL in the embodiment of Fig. 5 is a dioptric system, the 
projection optical system PL of the fourth modification 
example is a catadioptric system of a threefold imaging 
type including a concave mirror CM. The fourth modifi- 
cation example is also different from the embodiment 
shown in Fig. 5, in that the birefringent element 21 is 
located in the optical path between the imaging optical 
system 1 4 and the mask M and in that the optical rotator 
22 is located at a predetermined position in the optical 
path of the projection optical system PL. 
[0075] Namely, in the fourth modification example the 
birefringentelement21 is located in the nearly telecentric 
optical path near the mask M, in the optical path of the 
illumination optical system (2-14). Furthermore, the op- 
tical rotator 22 is located at a position relatively close to 
the mask M in an optical path of a first imaging optical 
system G1 in the projection optical system PL, e.g., at a 
position where the beam bundle is incident with variation 
of not more than 1 0 0 in the angle of incidence. As a result, 
the fourth modification example is also able to achieve 
the nearly azimuthal polarization state in the lens aper- 
ture while suppressing the loss of light quantity, based 
on the simple configuration, through collaboration of the 
birefringent element 21 and the optical rotator 22 as the 
embodiment of Fig. 5 was. 

[0076] Fig. 16 is a drawing schematically showing a 
major configuration of an exposure apparatus according 
to a fifth modification example of the present embodi- 
ment. In the fifth modification example the configuration 
from the mask blind 13 to the mask M is similar to that in 
the fourth modification example of Fig. 15. However, the 
fifth modification example is different from the fourth mod- 
ification example of Fig. 1 5 in thatthe birefringent element 
21 is located in the optical path between the mask M and 
the projection optical system PL and in that the optical 
rotator 22 is located at a predetermined position in the 
optical path of the projection optical system PL. 
[0077] Namely, in the fifth modification example the 
birefringentelement21 is located in the nearly telecentric 
optical path near the mask M (i.e., in the optical path 
nearly telecentric on the mask M side), in the optical path 
of the projection optical system PL. Furthermore, the op- 
tical rotator 22 is located at a position relatively close to 
the wafer W in the optical path of the first imaging optical 
system G1 in the projection optical system PL, e.g., at a 
position where the beam bundle is incident with variation 
of not more than 1 0 0 in the angle of incidence. As a result, 
the fifth modification example is also able to achieve the 
nearly azimuthal polarization state in the lens aperture 
while suppressing the loss of light quantity, based on the 
simple configuration, through collaboration of the bire- 
fringent element 21 and the optical rotator 22 as the fourth 
modification example was. 
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[0078] Fig. 17 is a drawing schematically showing a 
major configuration of an exposure apparatus according 
to a sixth modification example of the present embodi- 
ment. In the sixth modification example the configuration 
from the mask blind 1 3 to the mask M is similar to that in 5 
the fourth modification example of Fig. 1 5. However, the 
sixth modification example is different from the fourth 
modification example of Fig. 15 in that the birefringent 
element 21 and the optical rotator 22 both are located at 
predetermined positions in the optical path of the projec- 10 
tion optical system PL. 

[0079] Namely, in the sixth modification example the 
birefringent element 21 is located at a position optically 
conjugate with the mask M (i.e., at a position where a 
secondary image of mask M is formed) or in a nearly 15 
telecentric optical path near the conjugate position, in an 
optical path between a second imaging optical system 
G2 and a third imaging optical system G3. Furthermore, 
the optical rotator 22 is located at a position relatively 
close to the wafer W in an optical path of the third imaging 20 
optical system G3 of the projection optical system PL, 
e.g., at a position where the beam bundle is incident with 
variation of not more than 10° in the angle of incidence. 
As a result, the sixth modification example is also able 
to achieve the nearly azimuthal polarization state in the 25 
lens aperture while suppressing the loss of light quantity, 
based on the simple configuration, through collaboration 
of the birefringent element 21 and the optical rotator 22 
as the fourth modification example was. In the sixth mod- 
ification example the birefringent element 21 is located so 
in the optical path on the wafer W side with respect to 
the optical path folding mirror in the projection optical 
system PL. In the case of this configuration, even if there 
occurs a phase difference due to reflection between the 
p-polarization and the s-polarization for the optical path 35 
folding mirror, the polarization state after the reflection 
can be nearly circular polarization when the polarization 
state impinging upon the optical path folding mirror is 
elliptic polarization. Therefore, the sixth modification ex- 
ample is more preferably adopted than the aforemen- 40 
tioned fifth modification example in the case where the 
optical path folding mirror is located in the projection op- 
tical system. 

[0080] In the embodiment of Fig. 5 and in the first mod- 
ification example to the sixth modification example, the 45 
birefringent element 21 is an optically transparent mem- 
ber made of a uniaxial crystal, for example, like rock crys- 
tal or a pair of optically transparent members made of a 
crystal material of the cubic system, for example, like 
f luorite. However, the birefringent element does not have 50 
to be limited to those, but the birefringent element can 
also be an optically transparent member with internal 
stress substantially with rotational symmetrywith respect 
to the optical axis, e.g., an optically transparent member 
like a plane-parallel plate of silica. 55 
[0081] In this case, when a beam bundle of plane 
waves in a substantially circular polarization state is 
made incident to the birefringent element consisting of 



the optically transparent member with internal stress sub- 
stantially which is rotational symmetrywith respect to the 
optical axis, the polarization distribution in the lens aper- 
ture as shown in Fig. 10 (a) or (b) can be obtained. For 
making the polarization distribution in the lens aperture 
approximately uniform in the plane, the birefringent ele- 
ment consisting of the optically transparent member with 
internal stress is preferably located near the pupil of the 
optical system (in the embodiment of Fig. 5, for example, 
a position near the pupil of the imaging optical system 
14 and closer to the light source than the optical rotator 
21 ). Concerning the details of a method of providing the 
optically transparent member, for example, like the 
plane-parallel plate of silica with the substantially rota- 
tionally symmetric internal stress (to provide the member 
with a desired birefringence distribution), reference can 
be made, for example, to International Application Pub- 
lished under PCT WO03/007045. 
[0082] In the embodiment of Fig. 5 and in the first mod- 
ification example to the sixth modification example, the 
nearly azimuthal polarization state in the lens aperture 
is achieved through collaboration of the two elements 
disposed with a spacing, i.e., the birefringent element 21 
and the optical rotator 22. However, the nearly azimuthal 
polarization state in the lens aperture can also be 
achieved by using a birefringent optical rotator which is 
made of an optical material with linear birefringence and 
optical rotatory power and the optic axis of which is ar- 
ranged substantially in parallel with the optical axis, e.g., 
a birefringent optical rotator consisting of an optically 
transparent member of a plane-parallel plate shape 
made of rock crystal, and making a beam bundle in a 
substantially circular polarization state incident to the bi- 
refringent optical rotator. 

[0083] In this case, the birefringent optical rotator is 
located at a position where a beam bu ndle of substantially 
spherical waves is incident thereto, and has a required 
thickness for converting a beam bundle in a peripheral 
region of incident light into a beam bundle in a substan- 
tially linear polarization state of approximately circumfer- 
ential vibration in the lens aperture. Namely, the relation- 
ship between the thickness of the birefringent optical ro- 
tator and angles of incident rays is so set that circularly 
polarized rays incident to the peripheral region of the bi- 
refringent optical rotator are converted into linearly po- 
larized light by birefringence and that their polarization 
is rotated by 45° by optical rotatory power. 
[0084] The change of polarization in the birefringent 
optical rotator will be described below with reference to 
the Poincare sphere shown in Fig. 18. In Fig. 18, S 1? S 2 , 
and S 3 are the Stokes parameters to indicate a polariza- 
tion state. In the birefringent optical rotator, light incident 
in a perfectly circular polarization state corresponding to 
point A (0,0,1) is subject to rotational action around the 
S 1 axis due to the birefringence and subject to rotational 
action around the S 3 axis due to the optical rotatory pow- 
er, to reach a azimuthal polarization state corresponding 
to point B (1,0,0). 
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[0085] Incidentally, in the case of the aforementioned 
birefringent element 21, the light incident in a perfectly 
circular polarization state corresponding to point A (0,0, 1 ) 
is subject to only rotational action around the S 1 axis due 
to the birefringence, to reach point B' (0,1 ,0). For adjust- 
ing the amount of the rotation and the amount of the bi- 
refringence in the birefringent optical rotator, the birefrin- 
gent optical rotator is preferably comprised of a first op- 
tically transparent member made of an optical material 
with clockwise optical rotatory power (e.g., right-handed 
rock crystal), and a second optically transparent member 
made of an optical material with counterclockwise optical 
rotatory power (e.g., left-handed rock crystal). 
[0086] Fig. 19 is a drawing schematically showing a 
major configuration of an exposure apparatus according 
to a seventh modification example of the present embod- 
iment. In the seventh modification example the configu- 
ration from the mask blind 13 to the mask M is similar to 
that in the embodiment shown in Fig. 5. However, the 
seventh modification example is different from the em- 
bodiment shown in Fig. 5, in that the birefringent element 
21 andtheoptical rotator22are replacedbyabirefringent 
optical rotator 23 disposed in the optical path between 
the mask blind 13 and the imaging optical system 14. 
[0087] Namely, in the seventh modification example 
the birefringent optical rotator 23 is located in the nearly 
telecentric optical path near the mask blind 1 3 located at 
the position optically conjugate with the mask M being a 
surface to be illuminated, in the optical path of the illumi- 
nation optical system (2-14). As a result, the seventh 
modification example is also able to achieve the nearly 
azimuthal polarization state in the lens aperture while 
suppressing the loss of light quantity, based on the simple 
configuration, through the action of the birefringent opti- 
cal rotator 23 as the embodiment of Fig. 5 was. 
[0088] Fig. 20 is a drawing schematically showing a 
major configuration of an exposure apparatus according 
to an eighth modification example of the present embod- 
iment. In the eighth modification example the configura- 
tion from the mask blind 13 to the mask M is similar to 
that in the seventh modification example of Fig. 1 9. How- 
ever, the eighth modification example is different from 
the seventh modification example in that the birefringent 
optical rotator 23 is located in the optical path between 
the imaging optical system 14 and the mask M. Namely, 
in the eighth modification example the birefringent optical 
rotator 23 is located in the nearly telecentric optical path 
near the mask M, in the optical path of the illumination 
optical system (2-1 4). As a result, the eighth modification 
example is also able to achieve the nearly azimuthal po- 
larization state in the lens aperture while suppressing the 
loss of light quantity, based on the simple configuration, 
through the action of the birefringent optical rotator 23 
as the seventh modification example was. 
[0089] Fig. 21 is a drawing schematically showing a 
major configuration of an exposure apparatus according 
to a ninth modification example of the present embodi- 
ment. In the ninth modification example the configuration 



from the mask blind 13 to the mask M is similar to that in 
the seventh modification example of Fig. 19. However, 
the ninth modification example is different from the sev- 
enth modification example in that the birefringent optical 

5 rotator 23 is located in the optical path between the mask 
M and the projection optical system PL. Namely, in the 
ninth modification example the birefringentoptical rotator 
23 is located in the nearly telecentric optical path near 
the mask M (i.e., in the optical path nearly telecentric on 

10 the mask M side), in the optical path of the projection 
optical system PL. As a result, the ninth modification ex- 
ample is also able to achieve the nearly azimuthal polar- 
ization state in the lens aperture while suppressing the 
loss of light quantity, based on the simple configuration, 

15 through the action of the birefringent optical rotator 23 
as the seventh modification example was. 
[0090] Fig. 22 is a drawing schematically showing a 
major configuration of an exposure apparatus according 
to a tenth modification example of the present embodi- 
es ment. In the tenth modification example the configuration 
from the mask blind 1 3 to the mask M is similar to that in 
the seventh modification example of Fig. 19. However, 
the tenth modification example is different from the sev- 
enth modification example in that the birefringent optical 

25 rotator 23 is located in the optical path between the pro- 
jection optical system PL and the wafer W. Namely, in 
the tenth modification example the birefringent optical 
rotator 23 is located in the nearly telecentric optical path 
near the wafer W (i.e., in the optical path nearly telecentric 

30 on the wafer W side), in the optical path of the projection 
optical system PL. As a result, the tenth modification ex- 
ample is also able to achieve the nearly azimuthal polar- 
ization state in the lens aperture while suppressing the 
loss of light quantity, based on the simple configuration, 

35 through the action of the birefringent optical rotator 23 
as the seventh modification example was. 
[0091] Fig. 23 is a drawing schematically showing a 
major configuration of an exposure apparatus according 
to an eleventh modification example of the present em- 

40 bodiment. In the eleventh modification example the con- 
figuration from the mask blind 13 to the maskM is similar 
to that in the fourth modification example of Fig. 1 5. How- 
ever, the eleventh modification example is different from 
the fourth modification example in that the birefringent 

45 element 21 and the optical rotator 22 are replaced by a 
birefringent optical rotator 23 located in the optical path 
between the imaging optical system 1 4 and the mask M. 
Namely, in the eleventh modification example the bire- 
fringent optical rotator 23 is located in the nearly telecen- 

50 trie optical path near the mask M, in the optical path of 
the illumination optical system (2-14). As a result, the 
eleventh modification example is also able to achieve the 
nearly azimuthal polarization state in the lens aperture 
while suppressing the loss of light quantity, based on the 

55 simple configuration, through the action of the birefrin- 
gent optical rotator 23 as the fourth modification example 
was. 

[0092] Fig. 24 is a drawing schematically showing a 
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major configuration of an exposure apparatus according 
to a twelfth modification example of the present embod- 
iment. In the twelfth modification example the configura- 
tion from the mask blind 13 to the mask M is similar to 
that in the eleventh modification example of Fig. 23. How- 
ever, the twelfth modification example is different from 
the eleventh modification example in that the birefringent 
optical rotator 23 is located in the optical path between 
the imaging optical system 14 and the mask M. Namely, 
in the eleventh modification example the birefringent op- 
tical rotator 23 is located at a position optically conjugate 
with the mask M (a position where a secondary image of 
mask M is formed) or in a nearly telecentric optical path 
near the conjugate position, in the optical path between 
the second imaging optical system G2 and the third im- 
aging optical system G3. As a result, the twelfth modifi- 
cation example is also able to achieve the nearly azi- 
muthal polarization state in the lens aperture while sup- 
pressing the loss of light quantity, based on the simple 
configuration, through the action of the birefringent opti- 
cal rotator 23 as the eleventh modification example was. 
[0093] Fig. 25 is a drawing schematically showing a 
major configuration of an exposure apparatus according 
to a thirteenth modification example of the present em- 
bodiment. In the thirteenth modification example the con- 
figuration from the mask blind 1 3 to the mask M is similar 
to that in the eleventh modification example of Fig. 23. 
However, the thirteenth modification example is different 
from the eleventh modification example in that the bire- 
fringent optical rotator 23 is located in the optical path 
between the projection optical system PL and the wafer 
W. Namely, in the thirteenth modification example the 
birefringent optical rotator 23 is located in a nearly tele- 
centric optical path near the wafer W (i.e., in an optical 
path nearly telecentric on the wafer W side), in the optical 
path of the projection optical system PL. As a result, the 
thirteenth modification example is also able to achieve 
the nearly azimuthal polarization state in the lens aper- 
ture while suppressing the loss of light quantity, based 
on the simple configuration, through the action of the bi- 
refringent optical rotator 23 as the eleventh modification 
example was. In the twelfth modification example and 
the thirteenth modification example, the birefringent op- 
tical rotator 23 is located in the optical path on the wafer 
W side with respect to the optical path folding mirror in 
the projection optical system PL. In the case of this con- 
figuration, as in the case of the aforementioned sixth 
modification example, even if there occurs a phase dif- 
ference due to reflection between the p-polarization and 
the s-polarization for the optical path folding mirror, the 
polarization state after the reflection can be nearly circu- 
lar polarization when the polarization state impinging up- 
on the optical path folding mirror is set to elliptic polari- 
zation. Therefore, the thirteenth modification example is 
more preferably adopted than the aforementioned elev- 
enth modification example in the case where the optical 
path folding mirror is located in the projection optical sys- 
tem. 



[0094] Fig. 26 is a drawing schematically showing a 
major configuration of an exposure apparatus according 
to a fourteenth modification example of the present em- 
bodiment. In the fourteenth modification example the 

5 configuration from the mask blind 13 to the mask M is 
similar to that in the embodiment shown in Fig. 25. How- 
ever, the fourteenth modification example is different 
from the exposure apparatus of the embodiment of Fig. 
25 in that, while the mask M is illuminated by circularly 

10 polarized light in the exposure apparatus of the embod- 
iment of Fig. 25, the mask M is illuminated by linearly 
polarized light in the exposure apparatus of the four- 
teenth modification example and in that, while the pro- 
jection optical system PL of the embodiment of Fig. 25 

15 is a catadioptric optical system of the threefold imaging 
type including the concave mirror CM and two optical 
path folding mirrors, the projection optical system PL of 
the fourteenth modification example is a catadioptric op- 
tical system of atwofold imaging type including aconcave 

20 mirror CM, a polarization beam splitter PBS, and one 
optical path folding mirror FM. 

[0095] In Fig. 26, the projection optical system PL in 
the fourteenth modification example is an optical system 
telecentric on the mask M side and on the wafer W side, 
25 and is comprised of a first imaging optical system G1 for 
forming an intermediate image of mask M and a second 
imaging optical system G2 for forming an image of this 
intermediate image on a wafer W as a photosensitive 
substrate. 

30 [0096] The first imaging optical system G1 is com- 
prised of a first lens unit located nearest to the mask side 
(mask-side field lens unit), a polarization beam splitter 
PBS for reflecting a beam bundle of linearly polarized 
light having passed through the first lens unit, afirst quar- 
ts ter-wave plate QW1 for converting the beam bundle of 
linearly polarized light reflected by the polarization beam 
splitter PBS, into a beam bundle of circularly polarized 
light, a concave mirror CM for reflecting the beam bundle 
having passed through the first quarter-wave plate QW1 , 
40 a negative lens unit located in the optical path between 
the concave mirror CM and the first quarter-wave plate 
QW1 , a second quarter-wave plate QW2 for converting 
the beam bundle of linearly polarized light transmitted 
via the negative lens unit and the first quarter-wave plate 
45 by the polarization beam splitter PBS, into a beam bundle 
of circularly polarized light, a optical path folding mirror 
FM for deflecting the optical path of the beam bundle 
from the polarization beam splitter PBS by about 90°, 
and a positive lens unit located between the polarization 
50 beam splitter PBS and the intermediate image point (in- 
termediate-image-side field lens unit). This intermediate- 
image-side field lens unit keeps the optical path on the 
intermediate image side of the first imaging optical sys- 
tem G1 (the optical path between the first imaging optical 
55 system G1 and the second imaging optical system G2) 
approximately telecentric. 

[0097] The second imaging optical system G2 has a 
structure similar to the refracting projection optical sys- 
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tem PL in the fourth modification example shown in Fig. 
1 4, in which the birefringent element 21 is located in the 
optical path between the second imaging optical system 
G2 and the intermediate image point and in which the 
optical rotator 22 is located at a predetermined position 
in the optical path of the second imaging optical system 
G2, preferably, at a position near an aperture stop AS. 
[0098] Then the linearly polarized light from the mask 
M passes through the first lens unit, is then reflected by 
the polarization beam splitter PBS, and thereafter travels 
through the first quarter-wave plate QW1 to be converted 
into circularly polarized light, and the circularly polarized 
light travels through the negative lens unit to reach the 
concave mirror CM. The beam bundle of circularly polar- 
ized light reflected by the concave mirror CM travels 
again through the negative lens unit, and then passes 
through the first quarter-wave plate QW1 to be converted 
into linearly polarized light, and the linearly polarized light 
passes through the polarization beam splitter PBS to 
reach the second quarter-wave plate QW2. This beam 
bundle is converted into linearly polarized light by the 
second quarter-wave plate QW2, and then the linearly 
polarized light is reflected by the optical path folding mir- 
ror FM and travels through the positive lens unit being 
the intermediate-image-side field lens unit, to form an 
intermediate image of the mask M. Light from this inter- 
mediate image then travels through the birefringent ele- 
ment 21 to be incident to the second imaging optical sys- 
tem G2, and thereafter passes through the optical rotator 
22 in this second imaging optical system G2 to form a 
reduced image as a secondary image of the mask M on 
the image plane. This reduced image is a mirror image 
of the mask M (which is an image having a negative lateral 
magnification in the direction in the plane of the drawing 
and a positive lateral magnification in the direction normal 
to the plane of the drawing). 

[0099] In the fourteenth modification example the bi- 
refringent element 21 is located in the nearly telecentric 
optical path near the intermediate image point, in the op- 
tical path of the projection optical system PL. Further- 
more, the optical rotator 22 is located near the pupil po- 
sition of the projection optical system PL. As a result, the 
fourteenth modification example is also able to achieve 
the nearly azimuthal polarization state in the lens aper- 
ture while suppressing the loss of light quantity, based 
on the simple configuration, through collaboration of the 
birefringent element 21 and the optical rotator 22 as the 
embodiment of Fig. 25 was. 

[0100] In the fourteenth modification example, since 
the beam bundle incidentto the optical path folding mirror 
FM is linearly polarized light of p-polarization or s-polar- 
iration for the reflecting surface of the optical path folding 
mirror FM, it becomes feasible to reduce influence of 
phase jump on the reflecting surface of the optical path 
folding mirror FM. In the fourteenth modification example, 
the illumination optical system may be arranged to illu- 
minate the mask M with circularly polarized light and in 
this case, a third quarter-wave plate is located in the op- 



tical path between the mask M and the polarization beam 
splitter PBS in the projection optical system PL so as to 
guide linearly polarized light to the polarization beam 
splitter. In the fourteenth modification example the polar- 

5 ization beam splitter PBS is arranged to reflect the beam 
bundle from the mask M, but the polarization beam split- 
ter PBS may be arranged to transmit the beam bundle 
from the mask M (so that the optical system from the 
mask M to the concave mirror CM is aligned on a straight 

10 line). 

[0101] Fig. 27 is a drawing schematically showing a 
major configuration of an exposure apparatus according 
to afifteenth modification example of the present embod- 
iment. In the fifteenth modification example the configu- 

15 ration from the mask blind 13 to the mask M and the 
configuration from the intermediate image point to the 
wafer W are similar to those in the embodiment (four- 
teenth modification example) shown in Fig. 26. However, 
the fifteenth modification example is different from the 

20 fourteenth modification example in that, while the projec- 
tion optical system PL of the fourteenth modification ex- 
ample is arranged to guide the beam bundle from the 
mask M to the wafer W while reflecting it three times, the 
projection optical system PL of the fifteenth modification 

25 example is arranged to guide the beam bundle from the 
mask M to the wafer W while reflecting it four times. 
[0102] In Fig. 27, the projection optical system PL in 
the fifteenth modification example is an optical system 
telecentric on the mask M side and on the wafer W side 

30 as the projection optical system PL in the fourteenth mod- 
ification example was, and is comprised of a first imaging 
optical system G1 for forming an intermediate image of 
the mask M, and a second imaging optical system G2 
for forming an image of this intermediate image on the 

35 wafer W as a photosensitive substrate. 

[0103] The first imaging optical system. G1 is com- 
prised of a first lens unit located nearest to the mask side 
(mask-side field lens unit), a polarization beam splitter 
PBS having a first polarization splitting surface PBS1 for 

40 reflecting a beam bundle of linearly polarized light having 
passed through the first lens unit, a first quarter-wave 
plate QW1 for converting the beam bundle of linearly 
polarized light reflected by the first polarization splitting 
surface PBS1 , into a beam bundle of circularly polarized 

45 light, a concave mirror CM for reflecting the beam bundle 
having passed through the first quarter-wave plate QW1 , 
a negative lens unit located in the optical path between 
the concave mirror CM and the first quarter-wave plate 
QW1, a second polarization splitting surface PBS2 for 

50 transmitting a beam bundle of linearly polarized light 
transmitted via the negative lens unit and the first quarter- 
wave plate by the first polarization splitting surface PBS1 , 
a second quarter-wave plate QW2 for converting the 
beam bundle of linearly polarized light transmitted by the 

55 second polarization splitting surface PBS2, into a beam 
bundle of circularly polarized light, a return mirror RM 
having a reflecting plane for returning the beam bundle 
of circularly polarized light from the second quarter-wave 
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plate QW2, athird quarter-wave plate QW3 for converting 
a beam bundle of linearly polarized light reflected by the 
second polarization splitting surface PBS2 after the 
round-trip passage through the second quarter-wave 
plate QW2, into a beam bundle of circularly polarized 
light, and a positive lens unit (intermediate-image-side 
field lens unit) located between the second polarization 
splitting surface PBS2 and the intermediate image point. 
This intermediate-image-side field lens unit keeps the 
optical path on the intermediate image side of the first 
imaging optical system G1 (the optical path between the 
first imaging optical system G1 and the second imaging 
optical system G2) nearly telecentric. 
[0104] The second imaging optical system G2 has a 
structure similar to the refracting projection optical sys- 
tem PL in the fourteenth modification example shown in 
Fig. 26, in which the birefringent element 21 is located in 
the optical path between the second imaging optical sys- 
tem G2 and the intermediate image point and in which 
the optical rotator 22 is located at a predetermined posi- 
tion in the optical path of the second imaging optical sys- 
tem G2, preferably, at a position near an aperture stop 
AS. 

[01 05] The beam bundle of linearly polarized light from 
the mask M travels through the first lens unit, is then 
reflected by the first polarization splitting surface PBS1 
of the polarization beam splitter PBS, and then travels 
through the first quarter-wave plate QW1 to be converted 
into circularly polarized light, and the circularly polarized 
light travels through the negative lens unit to reach the 
concave mirror CM. The beam bundle of circularly polar- 
ized light reflected by the concave mirror CM travels 
again through the negative lens unit and thereafter pass- 
es through the first quarter-wave plate QW1 to be con- 
verted into linearly polarized light. The linearly polarized 
light passes through the first polarization splitting surface 
PBS1 and the second polarization splitting surface PBS2 
of the polarization beam splitter PBS to reach the second 
quarter-wave plate QW2. This beam bundle is converted 
into circularly polarized light by the second quarter-wave 
plate QW2, and the circularly polarized light then reaches 
the return mirror RM. The beam bundle of circularly po- 
larized light reflected by the return mirror RM travels 
through the second quarter-wave plate QW2 to be con- 
verted into linearly polarized light, and then the linearly 
polarized light is reflected by the second polarization 
splitting surface PBS2 of the polarization beam splitter 
PBS to reach the third quarter-wave plate QW3. The 
beam bundle of linearly polarized light incident to the third 
quarter-wave plate QW3 is converted into a beam bundle 
of circularly polarized light by this third quarter-wave plate 
QW3, and the beam bundle of circularly polarized light 
then travels through the positive lens unit being the in- 
termediate-image-side field lens unit, to form an interme- 
diate image of the mask M. Light from this intermediate 
image travels through the birefringent element 21 to be 
incident to the second imaging optical system G2, and 
then passes through the optical rotator in this second 



imaging optical system G2 to form a reduced image as 
a secondary image of the mask M on the image plane. 
This reduced image is a front image of the mask M (an 
image having a positive lateral magnification in the direc- 

5 tion in the plane of the drawing and a positive lateral 
magnification in the direction perpendicular to the plane 
of the drawing, i.e., an erect image). 
[0106] In the fifteenth modification example the bire- 
fringent element 21 is also located in the nearly telecen- 

10 trie optical path near the intermediate image point, in the 
optical path of the projection optical system PL. Further- 
more, the optical rotator 22 is located near the pupil po- 
sition of the projection optical system PL. As a result, the 
fifteenth modification example is able to achieve the near- 

15 ly azimuthal polarization state in the lens aperture while 
suppressing the loss of light quantity, based on the simple 
configuration, through collaboration of the birefringent el- 
ement 21 and the optical rotator 22 as the embodiment 
of Fig. 26 was. 

20 [0107] In the fifteenth modification example the illumi- 
nation optical system may be arranged to illuminate the 
mask M with circularly polarized light and in this case, 
the third quarter-wave plate may be located in the optical 
path between the mask M and the polarization beam split- 

25 ter PBS in the projection optical system PL so as to guide 
linearly polarized light to the polarization beam splitter 
PBS. The fifteenth modification example is arranged to 
reflect the beam bundle from the mask M by the first 
polarization splitting surface PBS1 of the polarization 

30 beam splitter PBS, but the optical system may be ar- 
ranged so that the beam bundle from the mask M is trans- 
mitted by the first polarization splitting surface PBS1 (so 
that the optical system from the mask M to the concave 
mirror CM is aligned on a straight line). In the fifteenth 

35 modification example the second polarization splitting 
surface PBS2 of the polarization beam splitter PBS is 
arranged to reflectthe beam bundle from the return mirror 
RM, but the optical system may also be arranged so that 
the second polarization splitting surface PBS2 transmits 

40 the beam bundle from the return mirror (so that the optical 
system from the return mirror RM to the wafer W is aligned 
on a straight line). At this time, the beam bundle from the 
first polarization splitting surface PBS 1 is reflected by 
the second polarization splitting surface PBS2. 

45 [0108] The following controls may be properly per- 
formed according to the shape of the pattern as an ex- 
posed object on the mask M: the control of the polariza- 
tion state by the polarization state converter 4, the control 
of the exchange operation of the diffractive optical ele- 

50 ment, and the control of the operation of the axicon sys- 
tem 8 as an annular ratio changing means as described 
above. It is contemplated in the above-described embod- 
iment and modification examples that when the polariza- 
tion state is set to the linear polarization state or the un- 

55 polarized state through the action of the polarization state 
converter 4, the polarization state is affected by the bi- 
refringent element 21 or the birefringent optical rotator 
23 disposed in the optical path between the mask M and 



16 



31 



EP1 720199 A1 



32 



the wafer W. In that case, the birefringent element 21 or 
the birefringent optical rotator 23 may be retracted from 
the optical path, or the birefringent element 21 or the 
birefringent optical rotator 23 may be replaced with an 
optically transparent member without birefringence (e.g., 5 
a plane-parallel plate made of silica or the like) as occa- 
sion may demand. Such retracting operation or replacing 
operation of the birefringent element 21 or the birefrin- 
gent optical rotator 23 may also be controlled in synchro- 
nism with the aforementioned controls. 10 
[0109] The exposure apparatus of the aforementioned 
embodiment can be used to fabricate micro devices 
(semiconductor devices, image pickup devices, liquid- 
crystal display devices, thin-film magnetic heads, etc.) 
by illuminating a mask (reticle) by the illumination optical 15 
apparatus (illumination step) and projecting a pattern to 
be transferred, formed in the mask, onto a photosensitive 
substrate with the projection optical system (exposure 
step). An example of a technique of forming a predeter- 
mined circuit pattern in a wafer or the like as aphotosen- 20 
sitive substrate with the exposure apparatus of the afore- 
mentioned embodiment to obtain semiconductor devices 
as micro devices will be described below with reference 
to the flowchart of Fig. 28. 

[01 1 0] The first step 301 in Fig. 28 is to deposit a metal 25 
film on each wafer in one lot. The next step 302 is to 
apply a photoresist onto the metal film on each wafer in 
the lot. The subsequent step 303 is to sequentially trans- 
fer an image of a pattern on the mask into each shot area 
on each wafer in the lot through the projection optical so 
system, using the exposure apparatus of the aforemen- 
tioned embodiment. The subsequent step 304 is to per- 
form development of the photoresist on each wafer in the 
lot and the subsequent step 305 is to perform etching on 
each wafer in the lot, using the resist pattern as a mask 35 
and thereby to form a circuit pattern corresponding to the 
pattern on the mask, in each shot area on each wafer. 
Subsequent steps include formation of circuit patterns in 
upper layers, and others, thereby fabricating devices 
such as semiconductor devices. The above-described 40 
semiconductor device fabrication method permits us to 
obtain semiconductor devices with extremely fine circuit 
patterns at high throughput. 

[0111] The exposure apparatus of the aforementioned 
embodiment can also be used to fabricate a liquid-crystal 45 
display device as a micro device by forming predeter- 
mined patterns (circuit pattern, electrode pattern, etc.) 
on plates (glass substrates). An example of a technique 
for fabricating the liquid-crystal display device will be de- 
scribed below with reference to the flowchart of Fig. 29. 50 
In Fig. 29, a pattern forming step 401 is to execute a so- 
called photolithography step to transfer a pattern of a 
mask onto a photosensitive substrate (glass substrate 
coated with a resist, or the like) with the exposure appa- 
ratus of the aforementioned embodiment. This photoli- 55 
thography step results in forming the predetermined pat- 
tern including a number of electrodes and others on the 
photosensitive substrate. Thereafter, the exposed sub- 



strate is subjected to each of steps such as development, 
etching, and resist removal, whereby a predetermined 
pattern is formed on the substrate. Thereafter, the proc- 
ess transfers to next color filter forming step 402. 
[01 1 2] The next color filter forming step 402 is to form 
a color filter in which a number of sets of three dots cor- 
responding to R (Red), G (Green), and B (Blue) are ar- 
rayed in a matrix pattern, or in which sets of three stripe 
filters of R, G, and B are arrayed as a plurality of lines 
along the horizontal scan line direction. After completion 
of the color filter forming step 402, a cell assembling step 

403 is carried out. The cell assembling step 403 is to 
assemble a liquid crystal panel (liquid crystal cell), using 
the substrate with the predetermined pattern obtained in 
the pattern forming step 401, the color filter obtained in 
the color filter forming step 402, and so on. 

[0113] In the cell assembling step 403, for example, a 
liquid crystal is poured into between the substrate with 
the predetermined pattern obtained in the pattern forming 
step 401 and the color filter obtained in the color filter 
forming step 402, to fabricate a liquid crystal panel (liquid 
crystal cell). The subsequent module assembling step 

404 is to install each of components such as an electric 
circuit, a backlight, etc. for display operation of the as- 
sembled liquid crystal panel (liquid crystal cell) to com- 
plete the liquid-crystal display device. The above-de- 
scribed method of fabricating the liquid-crystal display 
device permits us to obtain the liquid-crystal display de- 
vice with an extremely fine circuit pattern at high through- 
put. 

[0114] In the aforementioned embodiment the expo- 
sure light was the KrF excimer laser light (wavelength: 
248 nm) or the ArF excimer laser light (wavelength: 1 93 
nm), but, without having to be limited to this, the present 
invention can also be applied to the other appropriate 
laser light sources, e.g., an F 2 laser light source for sup- 
plying laser light of wavelength of 157 nm. Furthermore, 
the aforementioned embodiment described the present 
invention with the example of the exposure apparatus 
provided with the illumination optical apparatus, but it is 
apparent that the present invention can be applied to the 
ordinary illumination optical apparatus for illuminating a 
surface to be illuminated, except for the masks and wa- 
fers. 

[0115] In the aforementioned embodiment, it is also 
possible to adopt a technique of filling the optical path 
between the projection optical system and the photosen- 
sitive substrate with a medium having the refractive index 
of more than 1.1 (typically, a liquid), i.e., the so-called 
liquid immersion method. When the liquid fills the space 
between the projection optical system and the photosen- 
sitive material such as the resist applied on the surface 
of the photosensitive substrate, the transmittance on the 
resist surface becomes higher for diffracted light of the 
s-polarization component (TE polarization component) 
contributing to improvement in contrast than when air 
(gas) fills the space between the projection optical sys- 
tem and the resist applied on the surface of the photo- 
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sensitive substrate; therefore, high imaging performance 
can be achieved even if the numerical aperture NAof the 
projection optical system is over 1.0. In this case, the 
technique of filling the liquid in the optical path between 
the projection optical system and the photosensitive sub- 
strate can be one selected from the method of locally 
filling the space with the liquid as disclosed in Interna- 
tional Publication WO99/49504 the method of moving a 
stage holding a substrate as an exposed object, in a liquid 
bath as disclosed in Japanese Patent Application Laid- 
Open No. 6-1 24873, the method of forming a liquid bath 
of a predetermined depth on a stage and holding a sub- 
strate in the liquid bath as disclosed in Japanese Patent 
Application Laid-Open No. 1 0-3031 1 4, and so on. 
[0116] The liquid is preferably one that is transparent 
to exposure light, that has the refractive index as high as 
possible, and that is stable against the projection optical 
system and the photoresist applied on the surface of the 
substrate; for example, where the KrF excimer laser light 
or the ArF excimer laser light is used as exposure light, 
the liquid can be pure water or deionized water. Where 
the exposure light is the F 2 laser light, the liquid can be 
a fluorine-based liquid, for example, such as fluorine oil 
or perfluoro polyether (PFPE) capable of transmitting the 
F 2 laser light. The present invention is also applicable to 
twin-stage type exposure apparatus. The structure and 
exposure operation of the twin-stage type exposure ap- 
paratus are disclosed, for example, in Japanese Patent 
Applications Laid-Open No. 10-163099 and Laid-Open 
No. 1 0-21 4783 (corresponding to U.S. Pats. No. 
6,341,007, No. 6,400,441, No. 6,549,269, and No. 
6,590,634), Published Japanese translation of PCT Ap- 
plication No. 2000-505958 (corresponding to U.S. Pat. 
No. 5,969,441), or U.S. Pat. No. 6,208,407. 
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light source 
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polarization state converter 
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quarter-wave plate 


4b 


half-wave plate 


4c 


depolarizer 


5, 50 


diffractive optical element (beam bundle con- 




verter) 
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afocal lens 
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conical ax icon system 
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zoom lens 


10 


micro fly's eye lens 


11 


polarization monitor 


11a 


beam splitter 


12 


condenser optical system 


13 


mask blind 


14 


imaging optical system 


21 


birefringent element 


22 


optical rotator 


23 


birefringent optical rotator 



M mask 

PL projection optical system 
W wafer 

5 

Claims 

1 . An optical system comprising: a birefringent element 
for achieving a substantially circumferential distribu- 
te tion or a substantially radial distribution as a fast axis 
distribution in a lens aperture; and an optical rotator 
disposed behind the birefringent element and adapt- 
ed to rotate a polarization state in the lens aperture. 

15 2. The optical system according to Claim 1, wherein 
the birefringent element has an optically transparent 
member which is made of a uniaxial crystal material 
and a crystal lographic axis of which is arranged sub- 
stantially in parallel with an optical axis of the optical 

20 system, and 

wherein a beam bundle of substantially spherical 
waves in a substantially circular polarization state is 
incident to the optically transparent member. 

25 3. The optical system according to Claim 1 , wherein 
the birefringent element has at least a pair of optically 
transparent members made of a crystal material of 
the cubic system, 

wherein the pair of optically transparent members 
30 are so positioned as to achieve a substantially cir- 
cumferential distribution or a substantially radial dis- 
tribution as a fast axis distribution in the lens aper- 
ture, and 

wherein a beam bundle of substantially spherical 
35 waves in a substantially circular polarization state is 
incident to the pair of optically transparent members. 

4. The optical system according to Claim 3, wherein 
the pair of optically transparent members are ar- 

40 ranged in astate in which a crystal orientation <1 1 1> 
is substantially parallel with an optical axis of the 
optical system and in which the other crystal orien- 
tations are relatively rotated by about 60° around the 
optical axis. 

45 

5. The optical system according to Claim 3, wherein 
the pair of optically transparent members are ar- 
ranged in astate in which a crystal orientation <100> 
is substantially parallel with an optical axis of the 

50 optical system and in which the other crystal orien- 
tations are relatively rotated by about 45° around the 
optical axis. 

6. The optical system according to Claim 1, wherein 
55 the birefringent element has an optically transparent 

member which is located near a pupil of the optical 
system and which has internal stress substantially 
with rotational symmetry with respect to an optical 
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axis of the optical system, and 
wherein abeam bundle in a substantially circular po- 
larization state is incident to the optically transparent 
member. 

5 

7. The optical system according to any one of Claims 
1 to 6, 

wherein the optical rotator is located at a position 
where a beam bundle is incident thereto with varia- 
tion of not more than 10° in an angle of incidence. 10 

8. The optical system according to any one of Claims 
1 to 7, 

wherein the optical rotator rotates the polarization 
state in the lens aperture by about 45°. 15 

9. The optical system according to any one of Claims 
1 to 8, said optical system having a projection optical 
system for forming an image of a first surface on a 
second surface. 20 

10. The optical system according to Claim 9, wherein 
the projection optical system is arranged to be sub- 
stantially telecentric on the first surface side, and 
wherein the birefringent element is located in an op- 25 
tical path which is substantially telecentric on the first 
surface side. 

11. The optical system according to any one of Claims 

1 to 8, said optical system having an illumination op- so 
tical system for illuminating a surface to be illuminat- 
ed, in a substantially telecentric manner. 

12. The optical system according to Claim 11, wherein 

the birefringent element is located at or near a posi- 35 
tion optically conjugate with the surface to be illumi- 
nated, in an optical path of the illumination optical 
system. 

13. The optical system according to any one of Claims 40 
1 to 8, said optical system having an illumination op- 
tical system for illuminating a first surface in a sub- 
stantially telecentric manner; and a projection optical 
system for forming an image of the first surface on 

a second surface. 45 

14. The optical system according to Claim 13, wherein 
the birefringent element is located in an optical path 
of the illumination optical system, and 

wherein the optical rotator is located in an optical 50 
path of the projection optical system. 

15. The optical system according to Claim 14, wherein 
the birefringent element is located near the first sur- 
face, or at or near a position optically conjugate with 55 
the first surface, in the optical path of the illumination 
optical system. 



16. An optical system comprising: 

a birefringent optical rotator which is made of an 
optical material with linear birefringence and op- 
tical rotatory power and an optic axis of which 
is arranged substantially in parallel with an op- 
tical axis of the optical system, 

wherein a beam bundle in a substantially circular po- 
larization state is incident to the birefringent optical 
rotator. 

17. The optical system according to Claim 16, wherein 
the birefringent optical rotator is located at a position 
where a beam bundle of substantially spherical 
waves is incident thereto, and has a required thick- 
ness for converting a beam in a peripheral region of 
the incident beam bundle into a beam bundle in a 
substantially linear polarization state of substantially 
circumferential vibration in a lens aperture. 

18. The optical system according to Claim 16 or 17, 
wherein the birefringent optical rotator has a first op- 
tically transparent member made of an optical ma- 
terial with clockwise optical rotatory power, and a 
second optically transparent member made of an op- 
tical material with counterclockwise optical rotatory 
power. 

19. The optical system according to any one of Claims 
1 6 to 1 8, said optical system having a projection op- 
tical system for forming an image of a first surface 
on a second surface. 

20. The optical system according to Claim 19, wherein 
the projection optical system is arranged to be sub- 
stantially telecentric on the first surface side, and 
wherein the birefringent optical rotator is located in 
an optical path which is substantially telecentric on 
the first surface side. 

21. The optical system according to Claim 19, wherein 
the projection optical system is arranged to be sub- 
stantially telecentric on the second surface side, and 
wherein the birefringent optical rotator is located in 
an optical path which is substantially telecentric on 
the second surface side. 

22. The optical system according to any one of Claims 
16 to 18, said optical system having an illumination 
optical system for illuminating a surface to be illumi- 
nated, in a substantially telecentric manner. 

23. The optical system according to Claim 22, wherein 
the birefringent optical rotator is located near the sur- 
face to be illuminated, orator near aposition optically 
conjugate with the surface to be illuminated, in an 
optical path of the illumination optical system. 
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24. The optical system according to any one of Claims 
11 to 15, 22, and 23, wherein the illumination optical 
system forms a secondary light source having a pre- 
determined optical intensity distribution, on an illu- 
mination pupil plane, and 5 
wherein the predetermined optical intensity distribu- 
tion of the secondary light source is so set that an 
optical intensity in a pupil center region being a re- 
gion on the illumination pupil and including an optical 
axis is smaller than an optical intensity in a region 10 
around the pupil center region. 

25. The optical system according to Claim 24, wherein 
the predetermined optical intensity distribution of the 
secondary light source has an optical intensity dis- 15 
tribution of an annular shape or multi-pole shape. 

26. An exposure apparatus comprising the optical sys- 
tem as defined in any one of Claims 1 to 25, said 
exposure apparatus being adapted to effect expo- 20 
sure of a pattern of a mask on a photosensitive sub- 
strate through the optical system. 

27. An exposure method of effecting exposure of a pat- 
tern to be transferred, on a photosensitive substrate 25 
through the optical system as defined in any one of 
Claims 1 to 25. 

28. A device fabrication method of effecting exposure of 

a pattern to be transferred, on a photosensitive sub- so 
strate through the optical system as defined in any 
one of Claims 1 to 25. 

29. The optical system according to any one of Claims 

1 to 25, said optical system being an optical system 35 
for lithography. 
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